INtroductIoN
Plate load tests have been used extensively in the past to determine the bearing capa city and the stiffness of soil. Terzaghi and Peck (1948) used plate load tests to develop their settlement charts for footings on sand.
Most geotechnical problems are governed by allowable settlement requirements, and therefore geotechnical engineers are continuously searching for improved test methods and new techniques to determine soil stiffness more accurately and cost effectively. Two of the main advantages of plate load tests are the costeffectiveness of the test and the relative straightforward test procedure. However, bedding errors affect the soil stiffness measurements during plate load tests and therefore they should be kept to a minimum. A series of plate load tests were con ducted at the experimental farm of the University of Pretoria. Three different sur face preparation methods were used before each test. These were (1) the use of only hand tools to level the test area, (2) a thin layer of wellgraded sand, and (3) a thin layer of Plaster of Paris. For each surface preparation method, two plate load tests were performed as summarised in Table 1 .
The surface roughness was measured by means of a highprecision laser measuring system. The test area was scanned with the laser measuring system before and after each test in order to evaluate the change in surface roughness during the test.
In addition, a modified plate load test was designed to eliminate the effect of bed ding errors that occur during these tests by using telescopic probes to measure the relative displacement at two points below the centre of the plate. The stiffness values, determined from the vertical displacement of the plate, were compared with the internal stiffness values determined by means of the telescopic probes, as well as with the stiff ness from Continuous Surface Wave (CSW) measurements. Figure 1 shows the plate load test setup that has been designed for the experimen tal work. The tests were conducted on residual Andesite, which was described as reddish brown, firm, clayey silt. The main components of the plate load test included a 1.3 ton steel reaction beam together with four grouted anchors, a hollow hydraulic jack with 200 kN load capacity, a hollow load cell with 100 kN load capacity, loading plates with central holes and three Direct Current Differential Transformers (DCDT's) the effect of bedding errors on the accuracy of plate load tests H F T Barnard, G Heymann During conventional plate load tests the stiffness of the ground is determined by measuring the settlement of a plate placed on the ground surface. If the contact between the plate and the ground is rough, bedding errors may occur during the test when plastic deformation occurs at the contacts between the plate and the ground. This paper addresses the effect of bedding errors on the accuracy of plate load tests. Three different surface preparation methods were investigated. In addition, a modified plate load test was designed to eliminate the effect of bedding errors that occur during these tests. Telescopic probes were used to measure the relative displacement at two points below the centre of the plate. The stiffness values, determined from the vertical displacement of the plate, were compared with the internal stiffness values determined by means of the telescopic probes. All stiffness values were compared with Continuous Surface Wave (CSW) measurements performed on the same material. The test apparatus, methods and results are discussed in this paper. connected to two 3.0 m long wooden refer ence beams. Figure 2 shows a photo of the plate load setup. The 300 mm steel plate was placed on top of the 450 mm plate, and the vertical displacement of the bottom 450 mm plate was measured with three DCDTs placed 120 degrees apart and approximately 25 mm from the plate perimeter to monitor any tilt that might occur during testing.
MethodoloGY
One of the main objectives of this research project was to evaluate the effect of the surface preparation method on the accuracy of a plate load test. The three most popular surface preparation methods in South Africa were investigated which were (1) the use of only hand tools to level the test area, (2) a thin layer of wellgraded sand, and (3) a thin layer of Plaster of Paris. When considering the use of a particular interface material it is important to consider the strength and stiffness of the interface material relative to the strength and stiffness of the in situ material. The interface material must have higher strength and stiffness than the in situ material in order to minimise compression and avoid yield of the interface material. This will result in strains occurring in the interface material, which will errone ously be taken as strain occurring in the in situ material. For instance, Plaster of Paris may be a suitable interface material when conducting a plate load test on soil, but may not be suitable for rock or rock masses.
For the first surface preparation method, the surface was levelled as smoothly as pos sible using only hand tools. Occasional gravel particles in some of the test holes made it difficult to level the test surface in this man ner. For the second method, the test surface was first levelled with hand tools and after that a thin layer of wellgraded silica sand, less than 20 mm in thickness, was spread across the testing area. The third method was to prepare the surface with a thin layer of Plaster of Paris prior to testing.
The 'Plaster of Paris' method required skilled personnel due to the quick setting time of Plaster of Paris in approximately 15 minutes. First, a thin plastic film sheet was placed over the plate to prevent the plas ter from adhering to the plate. The Plaster of Paris was mixed with water to achieve a softtofirm consistency, then quickly applied to the test area and spread evenly using hand tools. The plate was placed on top of the wet plaster, and allowed to dry completely. Figure 3 shows the three surface preparation methods. The laser measuring system used to measure the surface roughness before and after each test is shown in Figure 4 . The main components of the system included a steel frame with a tripod stand, a twodirectional scan unit mounted on the steel frame, a CableExtension Position Transducer (CEPT) with a maximum range of 762 mm, a laser distance gauge with a resolution of 10 μm and a data acquisition system to record the measurements electronically. Both the laser distance gauge and the CEPT were attached to the movable scan unit to measure the dis tances in the Z and Y directions, respectively. The scan unit was fixed in the X direction at twelve positions while it was manually moved in the Y direction to create twelve consecu tive scanning lines across the test area. The laser distance gauge attached to the scan unit measured the elevation in the Z direction, and at the same time the horizontal distance in the Y direction was recorded with the CEPT. The telescopic probes were constructed from an 8 mm solid aluminium inner rod, an aluminium tube with an inner diameter of 13 mm and a probe head that consisted of three bent spring steel strips welded onto a stainless steel nut as shown in Figure 5 . The aluminium rod was designed to slide freely inside the aluminium tube.
A 25 mm hole was drilled vertically into the soil by means of a hand bore at the centre of the 2 m × 2 m test area to a depth of one plate diameter (450 mm) below ground sur face. Poulos and Davis (1974) concluded that a central hole with a radius equal to 30% of the plate radius will only have a 5% effect on the measured stiffness. Therefore, the 25 mm hole with a radius of approximately 5% of the plate radius (225 mm) should not have a significant effect on the measured soil stiffness. The solid aluminium rod was grouted at the bottom of the hole, with quickset grout and the spring steel probe head fixed at a depth of half the plate diameter (225 mm) below the ground surface. An LVDT was used to measure the relative displacement of the two positions below the centre of the plate.
A load sequence was applied which com prised three cycles of 0 to 8 kN, 0 to 24 kN and 0 to 100 kN. For the 450 mm plate dia meter, these loads resulted in 50 kPa, 150 kPa and 628 kPa contact pressures respectively. Load application from 0 kN to the full load for a particular cycle varied between approximately 10 and 20 minutes. However, the rest period at the end of each load cycle, to allow the creep to subside to less than 0.030 mm per minute for three consecutive minutes, varied between approximately 30 minutes and 2 hours. All instruments were continuously recorded at 10 Hz throughout the tests.
After all the load cycles had been applied, all equipment items were removed carefully without disturbing the test area, and the test surface was again scanned with the laser measuring system at the same position as before the test.
dAtA INterPretAtIoN

Surface roughness
The surface roughness, before and after each test, was described by the calculation of a number of surface roughness parameters for each test. Surface roughness is a measure of the texture of a surface and is quantified by the perpendicular deviation (y i ) of a real sur face from its ideal form (Sahoo 2005). Several standard parameters summarised in Table 2 Table 2 Surface roughness parameters
Notes:
1 After Degarmo et al (2003); n = total number of scanned points were used to describe the surface roughness for each surface preparation method. In addition to the surface roughness parameters shown in Table 2 , the Bearing Area Curve (Abbott & Firestone 1933) was used to quantify the surface roughness. The Bearing Area Curve (BAC) is a concise means of describing a surface and is by defi nition the integral of the probability distribu tion related to the Amplitude Distribution Function (ADF) as shown in Equation (1) (Stewart 1990) .
Where: y = height deviation from the mean line
Since the BAC is the cumulative distribution curve of the ADF, the BACs can be calcu lated for each data set by sorting all height deviations in descending order and plotting the sorted data from 0 to 100%, where 100% = n (the total number of scanned points). The roughness of different surfaces can be compared by comparing their BACs. The maximum valley depth and maximum peak height of a surface are immediately apparent from the curve. In addition, a smooth surface will result in a steep curve and a rough sur face in a flat curve. The surface areas were scanned before and after each test using twelve parallel lines. Figure 6 shows a typical plot of the raw data taken from the three surface preparation methods before each test. For the analysis, only data from inside the plate area was used. A leastsquares linear regression line was calculated and the surface roughness was quantified as the perpendicular deviation (y i ) of the measured surface from the linear equa tion. The seven surface roughness parameters, described in Table 2 were calculated for each scanned line. Average values for R a , R q , R sk and R ku were calculated from all twelve lines to represent the total scanned area of the plate. In addition, the total range (R t ) was calculated as the difference between the deep est valley (R v ) and highest peak (R p ) for the entire data set. All roughness parameters and bearing area curves from the different surface preparation methods were compared to evalu ate the surface roughness for each test.
determination of stiffness from external measurements
Equation (2) was used to calculate the secant stiffness (E ext ) at different plate settlements (e.g. Timoshenko & Goodier 1951). The con tact stress (q) was taken as the applied load divided by the plate area, which assumed a uniform pressure distribution across the plate with diameter (D). The average vertical displacement of the plate (ρ) was obtained from the three DCDTs and Poisson's ratio (v) was taken as 0.35:
determination of stiffness from internal measurements
The measured relative displacement of the tele scopic probes (∂L) was used in Equation (3), together with the distance between the two probe points (L = 225 mm), to determine the axial strain (∆ε) at any time during the test.
Boussinesq's theory was used to calculate the vertical stress at depth z below the centre of the circular plate with diameter D = 2R, subject to a uniform pressure (q), as shown in Equation (4). Values of the influence fac tor (I c ) are always between zero and unity (Boussinesq 1885).
The radial stress (σ r ) at depth z below the centre of the circular plate was calculated using Equation (5) (Boussinesq 1885).
The internal stiffness (E Int ) was calcu lated using Equation (6) which assumes axis symmetrical conditions (Handy 2007). The vertical stress increment (Δσ z ) and radial stress increment (Δσ r ) were taken as the average for the two measurement points beneath the plate, for the corresponding axial strain increment (∆ε).
Plate load tests without telescopic probes measure only plate settlement and not soil strain. Therefore, in order to compare the external stiffness with the internal stiffness values at various strain levels during the test, an assumption was required to calculate the average strain of the soil beneath the plate. The average soil strain was taken as the plate settlement (ρ) divided by 1.5 times the plate diameter. This was based on the influence depth for circular foundations proposed by Boussinesq (1885), where less than 20% of the applied stress occurs below 1.5 times the plate diameter. In addition, the external stiffness and internal stiffness values were also com pared with the small strain stiffness values obtained from Continuous Surface Wave tests conducted on the same material. The stiffness degradation envelope developed by Clayton and Heymann (2001) were used to allow comparison of the external stiff ness and internal stiffness values at various strain levels.
reSultS ANd dIScuSSIoN
Initial surface preparation
The initial surface roughness was measured and quantified for all six tests prior to any Table 3 . The results showed that the maxi mum average roughness value (R a ) calculated for the scans were 2.133 mm in Test 1 and the minimum average roughness value was 0.711 mm in Test 5. Table 3 also shows a wide range of the maximum valley depth value (R v ) that differed between 3.278 mm and 10.844 mm, and the maximum peak value (R p ) between 3.390 mm and 10.368 mm. These high values indicate the difficulty in levelling the test area by the use of only hand tools, even though there appeared to be an improvement as the test ing programme progressed. The root mean square roughness values (R q ) presented in Table 3 represent the standard deviation of the height distribution. The skewness values (R sk ) for Tests 2, 3 and 5 indicate that the height distribution will fit a Gaussian (normal) distribution well, because of the closetozero values.
Sand as interface material
The initial surface roughness for the 'Sand' case was quantified for Test 2 and Test 6 after a thin layer of wellgraded sand had been placed on the test surface. These values were measured after the plate had been placed, levelled and then removed. The surface roughness parameters are shown in Table 4 .
The results show total range values (R t ) of 2.808 mm and 2.992 mm, which indicate a small difference between the maximum valley depth values (R v ) and the maximum peak val ues (R p ). The surfaces had average roughness values (R a ) of 0.333 mm and 0.272 mm, which are less than the values achieved for any of the surfaces prepared by hand tools, indicating a much smoother surface finish when using sand as interface material.
The skewness values (R sk ) was close to zero for both tests, and kurtosis values of the order of 3.0 mm. This implies that the height distribution will follow a Gaussian (normal) distribution.
Plaster of Paris as interface material
The initial surface roughness for the 'Plaster of Paris' cases was quantified for Test 3 and Test 5 as per Table 5 . The surface roughness was measured again after the plate had been placed on top of a thin layer of Plaster of Paris, allowed to dry completely and then removed. The results show significantly lower aver age roughness values (R a ) of 0.196 mm and 0.146 mm than both the hand tool prepared surfaces and sand interface material. This indicates that on average the surface is much smoother when using Plaster of Paris. In addition, the Plaster of Paris ranged between 1.618 mm and 2.138 mm, whereas it was of the order of 3.0 mm for the sand interface material, and ranged between 6.668 mm and 21.212 mm for the surfaces prepared by hand tools.
The maximum valley depth values (R v ) were calculated as 0.887 mm and 1.138 mm, and the maximum peak values (R p ) as 0.731 mm and 1.0 mm. The skewness value (R sk ) for both tests showed negative values, which indicate that the surface is composed of mainly one plateau with Figure 7 Bearing Area Curves for different surface preparation methods before tests shallow valleys. This is evident on close inspection of Figure 3(c) . The valleys were probably created by folds of the plastic film used to cover the plate before placing it on the wet Plaster of Paris.
The average values for R a , R v , R p and R t are compared for the three surface preparation methods in Table 6 . The results show that using sand or Plaster of Paris as interface material results in a significantly smoother surface than when no interface material is used. It also shows that Plaster of Paris is superior to sand. Depending on which parameter is used, the surface rough ness of the Plaster of Paris was between 30% and 40% better than that of the 'Sand' test, and approximately 88% better than that of the 'No Interface Material' test.
Bearing Area Curves were calculated for all data sets. As discussed earlier the BAC is the cumulative distribution of the surface roughness of the complete test surface. Typical BACs for the 'Plaster of Paris' and 'Sand' tests are shown in Figure 7 , together with a lower and upper boundary for the 'No Interface Material' tests. It is evident from the curves that even the smoothest surface achieved for the 'No Interface Material' preparation method resulted in a much rougher surface compared to the other two preparation methods. In addition, it confirms that the 'Plaster of Paris' preparation method resulted in the smoothest surface with the flattest surface topography.
change in surface roughness
The surface roughness was quantified after each test and compared with the initial surface roughness. This comparison was important to determine whether a change in surface roughness occurred during each test, as it would allow judgement to be made on the bedding errors that occurred during the test.
Tables 7, 8 and 9 show the surface rough ness for the three surface preparation tech niques before and after the plate load test, as well as the change in surface roughness that occurred as a result of the test.
The results shown in Table 7 show that for the two tests where no interface material was used the surfaces were smoother after the tests. For Test 1 there was a marginal improvement and, depending which rough ness parameter is used, the improvement ranged between approximately 20% and 50%. Test 1 showed a reduction in average roughness of about 1 mm during the tests. However, it should be noted that the average roughness value after Test 1 (R a = 1.054) is still approximately three times larger when compared with the R a values of 0.303 and 0.171 measured before the 'Sand' and 'Plaster of Paris' tests respectively. Figure 8(a) shows the surface roughness profiles before and after Test 1. These graphs present all twelve lines that were scanned for each test surface. Figure 8 (a) confirms the marginal improve ment in surface roughness for Test 1.
For Test 4 the surface was also prepared using hand tools only. The surface roughness after the test was significantly less than for Test 1. This is due to two reasons. Firstly, the surface was better prepared than for Test 1. This may be seen by comparing the surface roughness parameters before both tests. It can be seen that the surface roughness of Test 4 prior to load application was less than the sur face roughness of Test 1 after load application. Secondly, Test 4 had to be temporarily halted between cycles 2 and 3 due to rain. 
Figure 8 Comparison between before and after laser scans: (a) 'No Interface Material' test (b) 'Sand' test (c) 'Plaster of Paris' test
Approximately one week was allowed for the soil to return to its initial moisture con ditions before continuing with the test, but it is believed to have contributed to the smooth surface after load application. Some testing standards on plate load testing suggest that small initial load cycles may be used to eliminate the effect of bed ding errors on the accuracy of plate load tests. This may be true for soft soil, but the results shown in Table 7 show that, for the firm residual Andesite tested during this investigation, small initial cycles would not have eliminated bedding errors. It is evident that some level of surface roughness was still present after the full 628 kPa load had been applied to the surface.
The strength and stiffness of sand depends on its effective stress. This implies that the behaviour of the sand will be differ ent during load application than when scan ning the surface with the plate removed. The data from Tests 2 and 6 for the sand interface material shows mixed results. Some param eters were lower after the test, suggesting a smoother surface, whilst others were higher. Table 8 shows an average roughness value (R a ) after the test of 0.23 mm compared with 0.33 mm measured before the tests. However, the R a value for Test 6 actually increased by 4.5%. It is evident that the surface roughness does not change significantly during the test if sand is used as the interface material. The R v , R p and R t values also did not change in a constant manner, with positive and negative changes being evident from Table 8 . Figure 8(b) shows the surface roughness profiles before and after Test 2. The imprint of the 450 mm plate is clearly visible. The question arises whether the imprint indicates plastic deformation of the sand material con tributing to bedding errors or whether the plastic deformation occurred in the residual Andesite. This question may be answered by comparing the internal and external stiffness values, which will be discussed in the follow ing section.
Tests 3 and 5 were the tests using Plaster of Paris as interface material, and the results are shown in Table 9 . The results indicate that the surfaces were smooth before the test and in general even smoother afterwards. It may be concluded that a small amount of plastic deformation occurred in the cured Plaster of Paris during load application. Figure 8 (c) presents the surface roughness profiles before and after Test 3 and it is evi dent that the surface was very smooth prior to the test. The imprint of the 450 mm plate is visible in the Plaster of Paris before and after the test. The imprint before the test was due to the procedure of first placing the plate on the wet Plaster of Paris, removing it, scan ning the surface and then replacing it. The results further support the conclusion that Plaster of Paris is the most effective surface preparation method for creating the smooth est surface for plate load tests on soils.
Stiffness measurements from plate load tests
For conventional plate load tests, the applied load and plate settlement are measured using measurement instrumentation above the ground surface, and the external stiff ness is calculated using Equation 2 (E ext ). In contrast, internal stiffness is determined from the telescopic probes located in the soil below the plate and calculated from Equations 4 to 6 (E int ).
External and internal stiffness values were compared with the stiffness degra dation curve proposed by Clayton and Heymann (2001) . Continuous Surface Wave (CSW) tests were performed in order to determine the small strain stiffness (E 0 ), required to generate a ClaytonHeymann stiffness degradation curve. The CSW test results showed small strain stiffness (E 0 ) values of about 250 MPa.
External stiffness measurements
Tests 2, 3 and 4 were used as the representa tive tests for each preparation method, to compare the results obtained from the three surface preparation techniques. The external stiffnesses for the three cycles at different strain levels are shown in Figures 9(a) to (c). Figure 9 (a) shows the external stiffness values for all three preparation methods recorded during the first 50 kPa cycle. The results show that the 'Plaster of Paris' and 'Sand' tests provided higher values compared to the values where the surface was levelled by hand and no interface material was used. Although the 'Plaster of Paris' test shows the highest stiffness values, it was 50% less than the small strain stiffness from the CSW test.
The external stiffness values for the second cycle (150 kPa) are presented in Figure 9 (b). These results show that the 'Plaster of Paris' and 'Sand' tests again produced higher values compared to the higher stiffness values for all three cycles. It is also important to note that the stiffness values for the last cycle were higher com pared to the first two cycles for all tests.
Internal stiffness measurements
The stiffnesses determined from the meas urements made by the telescopic probes are presented in Figure 9 (d) to (f) for the three load cycles and summarised in Table 11 . Figure 9(d) shows the internal stiffness values for all three surface preparation meth ods for the first load cycle. The sand test produced the highest stiffness values, which compared reasonably well with the Clayton Heymann degradation envelope.
The internal stiffness values for the second load cycle are shown in Figure 9 (e). The results show very similar stiffness values between 0.005% and 0.100% strain for all tests, but were slightly lower than the stiff ness degradation envelope.
Figure 9(f) shows that all three tests produced similar internal stiffness values for the entire strain range and corresponded well with the ClaytonHeymann stiffness degradation envelope for most strain levels. The CSW test measures the stiffness of soil at very small strains (< 0.002%). The internal stiffness for the third cycle at strains less than 0.002% compared reasonably well with the CSW results for all three tests, as shown in Figure 9 (f).
For the last two cycles, similar internal stiffness values were recorded regardless of the surface preparation technique. This was anticipated as it was expected that strains measured by the telescopic probes would be independent of bedding errors that may occur between the plate and the soil. Interestingly this was not the case for the first cycles (Figure 9(d) ) where the stiffness values were different for each of the three preparation methods. The reason for this is not clear, but may have been due to bedding of the spring steel strips into the sides of the bored hole during the first load cycle.
It is important to note that the stiffness values determined in the last cycle were always higher compared to the first two cycles, except for the internal stiffness values at strain levels smaller than 0.01% for the 'Sand' test (see Table 11 ). It is evident that strain hardening of the soil took place for all tests during the first two load cycles.
Comparison of stiffness from external and internal measurements
Comparison of the stiffnesses determined from external and internal measurement should give insight into the effect of bedding errors on plate load tests. This is based on the assumption that stiffness measurements from internal measurements will be inde pendent of any bedding errors between the plate and soil, whereas stiffness from exter nal measurements will include the effects of bedding errors. Table 12 shows the ratio of external and internal stiffnesses measure ments for the different surface preparation methods and load cycles. Figures 10, 11 and 12 compare the internal and external stiffness for the third load cycle for the three surface preparation techniques at all strain levels. The results show that the stiffnesses from the internal measurements were consistently higher for all tests except for strain levels in excess of 1%.
For the 'Sand' test ( Figure 11 ), the internal stiffness was between 30% and 40% higher, up to 0.05% strain. Both these stiff ness curves compare reasonably well with the lower boundary of the ClaytonHeymann envelope at strains greater than 0.1%. Figure 12 show that the external stiffness values measured in the 'Plaster of Paris' test is closer to the internal stiffness values and it may be concluded that the Plaster of Paris performed the best of the three surface preparation techniques.
It is evident from Figures 9(a) to (c) and Table 10 that the external stiffness values for all tests were higher during the last cycle compared with the first two cycles. This raises the question whether this increase in stiffness was caused by a decrease in bedding errors during the first two cycles. However, this is not the case, since the same trend was observed in most of the internal stiffness values (see Table 11 ) where the telescopic probes were not influenced by bedding errors. In addition, the test surface scanned after load application showed that after more than 600 kPa pressure had been applied to the soil without interface material, significant surface roughness was still present. It is believed that the increased stiffness for the third load cycle was caused by strain hardening that occurred during the first two load cycles.
The data indicates that measurements made using telescopic probes are superior to those from external measurements used in routine plate load tests, especially at small and intermediate strain levels.
coNcluSIoNS ANd recoMMeNdAtIoNS
Plate load tests have an important role in geotechnical engineering in the determina tion of soil stiffness. Results from this study demonstrate that bedding errors can have a significant effect on soil stiffness values when external measurements are used to measure the settlement of the plate. Such plate load tests can result in stiffness values of up to 50% lower than stiffness values inferred from seismic tests. In addition, measurements made using telescopic probes are superior to those from external measure ments, especially at small and intermediate strain levels. This method is therefore rec ommended for use when accurate stiffness values are required.
Wellgraded sand may be the most practical material to use as interface material in order to minimise bedding errors, but Plaster of Paris resulted in more accurate stiffness measurements. Plaster of Paris is therefore recommended as interface material when conducting plate load tests on soils. 10.000 0.100 0.010 0.001 1.000
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